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Current  controversies  and  debates  on  bioenergy  production  in  the  areas  of  greenhouse  gases  emission 
reduction,  food  and  energy  security,  social  exclusion  and  welfare  erosion,  and  ecosystem  deterioration 
attest  to  the  challenges  which  the  bioenergy  sector  has  to  overcome  to  achieve  its  global  production 
potentials.  Because  it  is  yet  an  evolving  sector,  the  sustainability  of  bioenergy  production  in  different 
regions  is  very  elusive.  Experiences  show  that  bioenergy  policies  in  one  region  can  have  impacts  not  only 
on  its  own  but  also  on  other  regions’  social,  economic  and  ecological  sustainability.  It  is  thus  important  to 
assess  development  pathways  for  bioenergy  to  exploit  the  potential  benefits  and  forestall  any  unneces¬ 
sary  costs.  This  paper  frames  a  novel  hybrid  approach  for  assessing  bioenergy  potentials  for  regions  with 
diverging  economic,  social  and  ecological  systems.  The  approach  is  based  on  a  conceptual  framework  that 
takes  into  account  trade-offs  decisions  on  sustainability  goals  and  production  options  in  the  assessment 
of  bioenergy  pathways.  It  combines  different  empirical  techniques  for  the  systematic  investigation  of 
trade-offs  and  pathways  including  fuzzy  logic,  conjoint,  logit,  and  path  analyses.  To  show  the  relevance 
and  utility  of  these  techniques  for  the  integrated  assessment  of  trade-offs  and  pathways  in  bioenergy 
development,  we  illustrated  their  application  using  results  and  data  from  previous  related  studies. 
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1.  Introduction 

Bioenergy  is  a  growing  sector  where  desired  pathways1  of  devel¬ 
opment  are  highly  contested  in  science  and  policy  alike  because 
of  its  potential  paradoxical  impacts  on  the  different  sectors  of 
the  economy  and  population,  particularly  if  its  development  is 
not  appropriate  to  the  existing  social,  economic  and  ecological 
systems.  On  the  positive  end,  reduction  in  green  house  gases 
(GHG)  emissions,  increase  in  energy  security,  promotion  of  rural 
development,  and  increase  in  export  revenues  are  the  most  cited 
arguments  for  bioenergy  production.  However,  there  are  as  yet 
few  actual  data  to  support  these  assertions  because  bioenergy  is 
still  a  young  and  developing  sector.  Most  studies  on  bioenergy 
potentials  and  impacts  are  largely  based  on  concepts  and/or  sce¬ 
narios  remote  from  the  real  complexity  of  the  global  system  (e.g. 
[1-4]).  The  current  debates  on  the  relationships  between  bioen¬ 
ergy  crops  and  GHG  emissions  [5-7]  and  bioenergy  development 
and  rural  development  [8-10]  attest  to  the  uncertainties  in  the 
future  development  of  bioenergy.  Assessing  the  potentials  of  bioen¬ 
ergy  production  is  not  straightforward  because  “[b]io-energy  is 
quite  an  [atypical]  energy  supply  option  due  to  its  diversity  and 
inter-linkages  with  many  other  technological  (thermo-chemical 
conversion  options,  biotechnology,  agronomic,  etc.)  and  policy 
areas  (climate,  energy,  agriculture  and  waste  policy)”  [11,  p.  323]. 
The  institutional  structure  of  bioenergy  is  complex  because  it 
involves  different  products,  different  sectors  and  a  range  of  actors 
interacting  at  and  across  different  levels  [8],  thus  it  not  only  pro¬ 
vides  opportunities  to  generate  multiple  benefits  apart  from  energy 
generation,  but  also  causes  conflict  with  many  interests  due  to  all 
those  inter-linkages  [11].  Hence,  on  the  negative  end,  the  recent 
undesirable  experiences,  among  others,  on  food  availability  and 
accessibility  (e.g.  [12-14]),  forest  degradation  (e.g.  [15-18]),  and 
social  conflicts  (e.g.  [2,19-21])  attest  to  these  complex  relation¬ 
ships,  which  early  policies  promoting  bioenergy  have  overlooked. 
Cognisant  of  the  negative  impacts  of  one  region’s  bioenergy  poli¬ 
cies  not  only  on  its  own  but  potentially  also  on  other  regions’  social, 
economic  and  ecological  systems,  a  sustainable  development  in 
global  bioenergy  production  is  deemed  necessary  to  exploit  the 
potential  benefits  and  forestall  any  unnecessary  costs,  and  to  ensure 
equal  distribution  of  benefits  and  costs  among  regions,  particularly 
between  developed  and  developing  regions  and,  more  importantly, 
between  rich  and  poor  communities  in  these  regions.  Although 
various  definitions  exist  to  understand  sustainable  development 
[22-26],  the  concept  of  sustainability  is  widely  accepted  as  hav¬ 
ing  three  dimensions  or  pillars  -  economic,  social  and  ecological 
(or  environmental).  However,  there  are  disagreements  on  how  to 
appropriately  frame  these  pillars  in  evaluating  or  estimating  sus¬ 
tainability.  A  large  number  of  approaches  are  used  to  measure 
sustainable  development  and  the  choice  of  approaches  usually 
depends  on  the  context  and  scale  of  analysis.  In  the  bioenergy  con¬ 
text,  we  propose  to  focus  sustainability  assessments  on  trade-offs 
and  pathways  in  view  of  the  following  challenges  in  the  bioenergy 
sector: 


1  Paths  and  pathways  are  used  interchangeably  in  bioenergy  literature.  For  con¬ 
sistency,  we  use  in  this  paper  the  term  paths  to  refer  to  the  method  of  path  analysis 
and  pathways  to  refer  to  the  outcome  of  the  analysis. 


•  Competing  land  use  between  food  and  fuel  production,  and 
between  first  and  second  generation  bioenergy  products; 

•  Finding  optimal  scale  of  production  (i.e.  local  versus  commercial 
scale)  to  promote  rural  development; 

•  Creating  a  balance  between  domestically  produced  and  imported 
biomass  products  and  their  feedstocks; 

•  Competing  conversion  technologies  due  to  diverse  range  of 
options  available  to  use  and  develop  bioenergy;  and 

•  Diverging  strategies  in  pursuit  of  bioenergy  sustainability  due  to 
contextual  differences  across  countries. 

Trade-off  analysis  is  used  in  various  fields  as  a  concept  to 
frame  knowledge  discords  and  a  tool  to  analyse  alternative  options, 
for  example,  in  industrial  research  to  assess  transport  decisions 
and  product  manufacturing  [27,28],  in  health  research  to  com¬ 
pare  the  benefits  and  costs  of  different  medical  interventions 
[29,30],  in  agriculture  research  to  investigate  agriculture  and  farm¬ 
ing  systems  [31,32],  etc.  In  sustainability  science,  many  concepts 
and  tools  explaining  its  theoretical  basis  were  derived  from  the 
fields  of  economics,  particularly  welfare,  development,  environ¬ 
mental  and  ecological  economics  [26].  The  approaches  for  assessing 
sustainability  are  criticised  for  focusing  on  balancing  the  trade¬ 
offs  and  thus  highlighting  the  competing  interests  and  potential 
conflicts  between  the  different  sustainability  pillars.  Gibson  [25] 
argues  that  the  sustainability  concept  emphasises  interconnections 
and  interdependencies,  hence  it  is  about  integrating  and  avoiding 
trade-offs  to  the  extent  possible.  However,  Gasparatos  et  al.  [26] 
explain  the  need  for  sustainability  integrated  assessment  that  goes 
beyond  simply  integrating  the  different  pillars  of  sustainability. 
They  suggest  that  future  research  should  consider  the  adoption  of 
a  combination  of  biophysical  and  socio-economic  tools  to  achieve 
a  more  comprehensive  sustainability  perspective,  which  is  in  the 
spirit  of  the  “hybrid  type  of  sustainability  assessment”.  Referring 
to  the  study  of  Gibson  et  al.  [33]  and  Gibson  [25],  they  explain  that 
behind  this  hybrid  approach  is  the  conscious  attempt  to  discourage 
trade-offs  to  the  greatest  extent  possible. 

More  importantly,  however,  we  take  on  the  challenge  of  inte¬ 
grating  the  outputs  from  such  a  pluralistic  approach  because  we 
believe  that  it  as  an  essential  process  for  identifying  not  only 
inevitable  trade-offs,  but  also  alternative  pathways  for  a  sustain¬ 
able  bioenergy  production.  Mapping  out  an  actual  pathway  is 
even  more  challenging  than  defining  sustainable  development  [34]. 
Kaditi  [35]  concludes  that  it  is  increasingly  urgent  to  map  a  pathway 
for  the  global  bioenergy  sector  that  supports  sustainable  develop¬ 
ment  due  to  the  possibility  of  bioenergy  to  provide  a  solution  to 
one  specific  problem  whilst  simultaneously  creating  several  other 
problems.  This  paper  is  thus  guided  by  the  hypothesis  that  trade¬ 
off  decisions  on  achieving  a  balance  among  social,  economic  and 
ecological  goals  are  necessary  conditions  for  assessing  develop¬ 
ment  pathways  in  bioenergy.  We  aim  to  contribute  to  the  research 
efforts  on  sustainability  integrated  assessment  by  proposing  a  new 
hybrid  approach  that  will  allow  for  the  systematic  investigation  of 
the  sustainability  of  bioenergy  production  in  selected  regions  of  the 
world  with  particular  focus  on  identifying  trade-offs  and  pathways. 
The  next  section  (Section  2)  presents  the  thematic  and  schematic 
framework  for  this  hybrid  approach,  which  we  refer  to  as  STRAP 
(sustainability  trade-offs  and  pathways).  Section  3  presents  the 
sustainability  concept  for  bioenergy.  It  discusses  the  most  relevant 
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determinants  for  a  sustainable  bioenergy  production  and  the  inter¬ 
linkages  among  them  that  could  ensue  sustainability  trade-offs. 
Section  4  describes  the  complementary  techniques  for  generat¬ 
ing  trade-off  parameters  and  Section  5  presents  how  bioenergy 
pathways  can  be  assessed  using  these  parameters.  Using  data  and 
results  from  other  studies,  Section  6  illustrates  the  utility  of  these 
techniques  for  assessing  trade-offs  and  pathways.  Finally,  conclu¬ 
sions  are  presented  in  Section  7. 

2.  The  STRAP  approach 

Fig.  1  presents  the  thematic  and  schematic  framework  of  the 
hybrid  approach  STRAP.  The  framework  summarises  what  are  the 
data  requirements  for,  the  technical  applications  in,  and  knowl¬ 
edge  generation  from  the  STRAP  approach,  and  how  they  link  to 
one  another  in  assessing  trade-offs  and  pathways  in  bioenergy  pro¬ 
duction.  Although  we  aim  to  assess  both,  the  ultimate  objective  of 
the  STRAP  approach  is  to  identify  bioenergy  pathways  using  the 
estimated  parameters  from  the  trade-off  analyses.  In  this  paper,  a 
pathway  defines  the  probability  of  converting  land  use  for  bioen¬ 
ergy  production  as  a  function  of  the  interrelationships  between 
the  social,  economic  and  ecological  pillars  of  sustainability.  To  clar¬ 
ify  this  definition,  we  group  the  framework  into  four  themes  (i.e. 
sustainability  concept,  trade-off  parameters,  data,  and  bioenergy 
pathways)  and  explain  step-by-step  how  each  theme  is  dealt  with 
in  the  STRAP  approach.  Details  of  these  themes  are  discussed  in  the 
next  sections,  but  below  are  brief  descriptions. 

2.2.  Sustainability  concept 

In  any  modelling  approach,  a  concept  defines  the  groundwork 
for  the  analysis  and  provides  guidelines  for  the  selection  of  the  data. 
Following  the  three-pillar  concept  of  sustainability,  we  define  sus¬ 
tainability  of  bioenergy  production  based  on  a  region’s  capacity  to 
achieve  a  balance  between  economic  stability,  social  equity  and 
resource  productivity  (Fig.  1).  Because  the  bioenergy  sector  is  still 
in  its  development  stage,  there  is  as  yet  no  universal  concept  to 
define  the  interconnections  and  interdependencies  among  these 
sustainability  pillars.  To  identify  these  interconnections  and  inter¬ 
dependencies,  we  carried  out  a  comprehensive  literature  review 
and  established  the  most  relevant  determinants  and  indicators  for 
each  sustainability  pillar.  Determinants  are  factors  or  issues  which 
significantly  influence  the  nature  of  sustainability.  Whenever  possi¬ 
ble,  we  chose  the  determinants  on  the  basis  of  available  theories  (i.e. 
economic  comparative  advantage,  strategic  niche  management, 
techno-economic  paradigm,  economic  development).  Moreover, 
the  determinants  not  only  represent  the  complementary  and/or 
competitive  views  on  the  use  of  1st  and  2nd  generation  bioen¬ 
ergy  crops  for  food  and  energy  production,  but  also  capture  the 
inherent  contradictions  and  controversies  in  achieving  a  balance 
between  the  three  pillars  of  sustainability.  Energy  security,  tech¬ 
nology  diffusion  and  market  organisation  are  the  determinants  for 
economic  stability;  food  security,  welfare  contribution  and  social 
exclusion  for  social  equity;  and  feedstock  options,  resource  capac¬ 
ity  and  land  management  for  resource  productivity  (Fig.  1 ).  Because 
they  are  abstract  representation  of  ideas  or  concerns  on  bioenergy 
sustainability,  we  need  indicators  to  provide  concrete  information 
or  measurable  facts  on  the  state  or  level  of  these  determinants. 
We  based  the  selection  of  the  indicators  from  the  evidences  in  rel¬ 
evant  case  studies  for  different  countries.  The  concept  combines 
both  quantitative  and  qualitative  indicators.  The  latter  is  particu¬ 
larly  important  because  many  social  and  ecological  indicators  are 
hardly  quantifiable.  The  sustainability  concept  is  core  to  the  STRAP 
approach  because  it  supports  the  selection  of  indicators  (or  data) 
that  feed  into  the  trade-off  assessments,  which  then  generate  the 


required  parameters  for  the  pathways.  In  particular,  the  informa¬ 
tion  from  the  concept  will  be  used  for  constructing  inference  rules 
for  the  fuzzy  logic  (Section  2.2)  and  identifying  the  pathway  com¬ 
ponents  for  the  path  analysis  (Section  2.3).  Details  on  the  nature 
and  relevance  of  these  indicators  are  presented  in  Section  3. 

2.2.  Trade-off  parameters  and  data 

Parameters  are  numerical  values  that  define  the  system  or  set 
the  conditions  of  its  operation  [36],  and  are  usually  used  as  inputs 
to  model  analysis.  Following  the  pathway  definition  above  (see 
Section  2),  we  require  two  types  of  parameters  to  set  the  logical 
conditions  for  the  bioenergy  pathways  -  first,  the  sustainability  pil¬ 
lars  trade-off  and  second,  the  production  activities  trade-off  (Fig.  1 ). 
The  trade-off  parameters  for  the  determinants  of  sustainability  pil¬ 
lars  are  indices  with  values  ranging  from  0  to  1.  They  could  be 
generated  using  fuzzy  logic  analysis.  Fuzzy  logic  is  a  useful  tech¬ 
nique  for  combining  quantitative  and  qualitative  indicators,  and  for 
including  policy  preferences  for  these  indicators.  The  inputs  for  the 
fuzzy  logic  analysis  are  time-series  data  of  the  indicators  and  their 
respective  preference  weights.  The  preferences  are  weights  given 
to  each  indicator  with  values  ranging  from  0  to  100  percent.  The 
weights  could  be  estimated  using  conjoint  analysis.  The  inputs  for 
the  conjoint  are  survey  data  from  relevant  stakeholders  (e.g.  policy¬ 
makers,  scientists,  bioenergy  producers).  The  trade-off  parameters 
for  the  production  activities  are  probabilities  of  land  use  conversion 
into  bioenergy  production.  The  probabilities  with  values  ranging 
from  0  to  100  percent  could  be  estimated  using  spatiotemporal 
logit  analysis.  The  dependent  variables  for  the  logit  analysis  are 
the  presence  or  absence  of  land  use  change  (or  conversion).  Land 
use  changes  reflect  the  social,  economic  and  ecological  needs  of 
a  changing  society  and  are  often  driven  by  policies  that  intend  to 
support  these  needs.  Since  the  1970s,  for  example,  large  expan¬ 
sion  in  agricultural  land  has  been  observed  due  to  policies  (e.g. 
green  revolution,  global  trade)  aiming  to  provide  sufficient  food 
supply  to  the  rapidly  growing  population  (Fig.  2).  The  increasing 
policy  concern  to  protect  the  environment  in  the  1 990s  led  to  refor¬ 
estation  and  forest  protection  in  many  countries.  More  recently, 
policies  promoting  the  use  of  biomass  for  energy  among  others  to 
enhance  energy  security  and  climate  mitigation  have  resulted  in  the 
conversion  of  not  only  agricultural  crops  but  also  agriculture  and 
forest  areas  into  bioenergy  production.  These  examples  illustrate 
that  land  use  changes  are  largely  influenced  by  human  activities. 
Taking  this  into  account,  the  independent  variables  for  the  logit 
analysis  are  those  variables  representing  not  only  biophysical  fea¬ 
tures  (e.g.  soil,  topography,  erosion)  of  a  geographical  area  but  also 
the  sustainability  goals  of  a  society.  The  former  are  spatial  data  from 
GIS  maps  and  the  latter  are  parameters  of  sustainability  trade-offs 
generated  from  fuzzy  logic  analysis.  Details  on  the  techniques  to 
parameterise  time-series,  spatial  and  survey  data  including  fuzzy 
logic,  conjoint  and  logit  analyses  are  discussed  in  Section  4. 

2.3.  Bio  energy  pathways 

In  layman’s  words,  a  pathway  (or  path)  is  defined  as  a  course 
of  action  or  way  of  achieving  something  [36],  or  a  set  of  actions, 
especially  ones  which  lead  to  a  goal  or  result  [37].  In  the  con¬ 
text  of  bioenergy,  the  course  or  set  of  actions  are  represented  by 
the  trade-off  decisions  on  sustainability  pillars  and  the  goal  or 
result  is  achieving  bioenergy  potentials.  The  higher  the  probabil¬ 
ities  of  land  use  conversion  into  bioenergy  production,  the  higher 
are  the  bioenergy  potentials.  A  bioenergy  pathway  thus  measures 
the  extent  to  which  the  potentials  for  bioenergy  production  can 
be  realised  in  a  particular  country  based  on  the  trade-off  deci¬ 
sions  on  social,  economic  and  ecological  goals  of  the  society.  In  the 
STRAP  approach,  bioenergy  pathways  are  diagrams  showing  the 
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]  Sustainability  Concept 
Trade-off  Parameters 


]  Data  /  Model  Inputs 
]  Bioenergy  Pathways 


Fig.  1.  Thematic  and  schematic  diagram  of  the  hybrid  approach  STRAP. 


interconnections  and  interdependencies  of  the  relevant  (i.e.  statis¬ 
tically  significant)  determinants  of  sustainability  and  their  effects 
on  the  probabilities  of  land  use  conversion  into  bioenergy  produc¬ 
tion  (Fig.  1 ).  The  diagrams  have  three  components:  ( 1 )  the  variables, 
representing  the  statistically  relevant  determinants;  (2)  arrows, 
showing  the  direction  of  relationships  between  these  variables;  and 
(3)  coefficients,  showing  the  magnitude  of  influence  of  these  rela¬ 
tionships  to  the  probabilities  of  land  use  conversion.  It  is  important 
to  emphasise  at  this  point  that  the  bioenergy  pathways  in  the  STRAP 
approach  are  different  from  those  in  existing  bioenergy  literature 
describing  the  technical  pathways  for  various  bioenergy  feedstocks 
(e.g.  [11,38-40]).  Because  these  diagrams  are  based  on  the  logical 
analysis  of  the  trade-offs  among  economic,  social  and  ecological 
determinants  of  sustainability,  here  bioenergy  pathways  are  a  log¬ 
ical,  not  a  technical  analysis.  Based  on  the  trade-off  parameters  of 
sustainability  pillars  and  production  activities,  the  components  of 
the  bioenergy  pathways  including  variables  (i.e.  Xz),  arrows,  and 
coefficients  (i.e.  fo)  could  be  generated  using  path  analysis  (Fig.  1). 
Details  on  this  technique  are  presented  in  Section  5. 


3.  Sustainability  concept  for  bioenergy 

Table  1  presents  the  most  relevant  indicators  for  the  determi¬ 
nants  of  sustainable  bioenergy  production  which  were  identified 
through  a  comprehensive  literature  review.  We  describe  in  this 
section  the  conceptual  interconnections  and  interdependencies 
between  the  determinants  and  their  underlying  indicators,  which 
need  to  be  taken  into  account  in  the  assessments  of  sustainability 
trade-offs  and  pathways.  Whenever  necessary,  we  provide  empir¬ 
ical  support  for  the  given  arguments. 

3.1.  Economic  stability 

Energy  is  central  to  stable  economic  growth.  Public  concerns 
on  energy  security  are  due  to  short-term  volatile  prices  and  long¬ 
term  supply  of  fossil  fuels,  particularly  oil,  which  can  destabilise  the 
economy.  The  most  important  indicators  of  energy  security  include 
energy  consumption,  production  and  trade  balance  (Table  1). 
Clancy  [8]  explains  that  high  oil  price  is  linked  to  political  insta- 
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Fig.  2.  Presence  of  land  use  change  (c)  from  year  1970  (a)  to  year  2000  (b). 

Data  Source :  IMAGE  team,  RIVM  CD-ROM  Publ.  481508018,  Natl.  Inst,  for  Public  Health  and  the  Environ.,  Bilthoven,  Netherlands;  2001. 


bilities  that  threaten  energy  supply  security.  The  idea  of  reducing 
dependence  on  foreign  sources  of  energy  through  local  bioenergy 
production  has  thus  increased  the  political  popularity  of  biofuels 
[  1 ,41 ,1 9],  resulting  in  generous  government  targets  for  substituting 
biofuels  for  fossil  fuels  in  the  transport  sector  (e.g.  1 0  percent  oblig¬ 
atory  renewable  energy  share  by  2020  in  the  EU ;  5  percent  biodiesel 
use  by  2013  in  Brazil;  20  percent  reduction  in  petrol-based  vehi¬ 
cles  by  2020  in  the  US).  Countries  with  little  land  endowments  and 
high  costs  of  biomass  production  will  not  reach  their  substitution 
goals  without  bioenergy  trade  [35,42,43].  The  ability  to  substitute 
imported  fossil  fuel  with  domestic  biofuel  depends  not  only  on 
the  available  land  but  also  on  the  available  conversion  technolo¬ 
gies.  The  diffusion  of  technologies  is  thus  an  important  determinant 
of  bioenergy  development,  with  R&D  investment  and  deployment 
as  well  as  energy  efficiency  of  these  technologies  as  the  most 
relevant  indicators  (Table  1).  Research  and  development  (R&D) 
investment  makes  innovative  technologies  available  and  technol¬ 
ogy  deployment  through  pilot  and  demonstration  projects  makes 
them  accessible  to  the  public.  However,  the  technical  and  cost 
(or  techno-economic)  efficiencies  of  these  technologies  ultimately 
influence  the  diffusion  of  bioenergy  in  the  market  [44].  Whilst 
current  supply  of  bioenergy  is  largely  produced  from  agricultural 
crops,  the  technology  for  producing  ethanol  from  lingo-cellulose 
feedstock  is  expected  to  be  commercially  mature  from  year  2020 
[45].  Mayfield  et  al.  [46]  argue  that  significant  gains  in  the  areas 
of  research,  development  and  education  alone  will  not  guarantee 
success  in  biomass  industry.  There  is  a  need  for  a  market  outlet 
to  utilize  the  product.  Several  studies  suggest  that  the  economic 


potential  of  bioenergy  will  depend  on  the  development  of  market 
for  the  production  and  processing  of  biomass,  and  on  overcoming 
the  barriers  to  sustain  its  growth  [11,46-50].  Ewing  and  Msangi 
[51]  affirm  the  profitability  of  crop-based  biofuels  even  for  small 
farmers  if  the  production,  marketing,  and  distribution  networks 
are  designed  appropriately.  Handling,  transportation  and  organi¬ 
sational  structures  can  make  technologies  more  feasible  because 
of  reduced  supply  uncertainty  and  thus  cutting  the  costs  [52,49]. 
Thus,  the  market  for  bioenergy  needs  to  be  organised  to  achieve 
its  potentials.  The  most  important  indicators  of  market  organisa¬ 
tion  include  the  development  of  market  infrastructure,  provision  of 
market  incentives,  and  elimination  of  trade  constraints  (Table  1). 

Referring  to  the  concept  of  strategic  niche  management,  Rosch 
and  Kaltschmitt  [53]  argue  that,  unlike  other  technologies  where 
necessary  infrastructure  is  established  only  after  achieving  a  certain 
critical  dissemination  in  the  market,  new  bioenergy  technologies 
cannot  reach  this  required  minimum  diffusion  without  necessary 
infrastructure  in  place.  Many  studies  suggest  that  policy  incen¬ 
tives  not  only  to  promote  technologies  but  also  to  develop  market 
are  thus  necessary  to  make  the  biomass  a  competitive  source  of 
energy  and  support  the  growth  of  bioenergy  market  [46,48,53-57]. 
“The  development  of  truly  international  markets  for  bio-energy 
may  become  an  essential  driver  to  develop  [bioenergy]  potentials, 
which  are  currently  underutilised  in  many  regions  of  the  world” 
[50,  p.  8].  So  national  policies  supporting  domestic  bioenergy  mar¬ 
ket  should  promote,  not  hinder  the  much  needed  expansion  in 
international  bioenergy  trade.  According  to  Heinimo  and  Junginger 
[58],  the  volume  of  foreign  trade  in  bioenergy  is  at  present  insignif- 
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Table  1 

Determinants  and  possible  indicators  of  sustainability. 


Sustainability  pillars 

Determinants 

Indicators 

Type  and  unit  of  indicators  (i.e.  data) 

Economic  stability 

Energy  security 

(1 )  Energy  consumption 

(2)  Energy  production 

(3)  Energy  trade  balance 

(1 )  Per  capita  energy  consumption 

(2)  (a)  Percent  GDP;  (b)  ratio  small-  versus  large-scale  companies 

(3)  Ratio  total  energy  import/export 

Technology  diffusion 

(1)  R&D  investment 

(2)  R&D  deployment 

(3)  Energy  efficiency 

(1 )  (a)  Type  of  policy  incentives;  (b)  investment/GDP  ratio 

(2)  Pilot  and  demonstration  projects:  (a)  type,  (b)  number 

(3)  (a)  Ratio  energy  to  total  biomass  yield;  (b)  type  of  available  technology 

Market  organisation 

(1 )  Market  incentives 

(2)  Market  infrastructure 

(3)  Trade  constraints 

(1)  Investment  subsidies:  (a)  type,  (b)  amount 

(2)  Road  and  communication  network:  (a)  type,  (b)  length 

(3)  (a)  Amount  export  and  import  tariffs;  (b)  type  preferential  trade 
agreement;  (c)  quality  standards 

Social  equity 

Food  security 

(1)  Self-sufficiency 

(2)  Purchasing  power 

(1)  (a)  Self-sufficiency  ratio;  (b)  ratio  food  import/export 

(2)  (a)  Purchasing  power  parity;  (b)  per  capita  income 

Welfare  contribution 

(1)  Sources  of  livelihood 

(2)  Employment  creation 

(3)  Changes  in  lifestyle 

(1 )  (a)  Agriculture  share  in  GDP;  (b)  bioenergy  share  in  agriculture 

(2)  (a)  Percent  employed  in  bioenergy  activities;  (b)  scale  of  production 
facilities 

(3)  (a)  Type  of  energy  use;  (b)  percent  population  with  no  access  modern 
energy 

Social  exclusion 

(1)  Property  rights 

(2)  People  displacement 

(1 )  Law  and  policy  on  land  ownerships 

(2)  (a)  Number  of  affected  people;  (b)  number  of  incidence  of  people 
displacement 

Resource  productivity 

Feedstock  options 

(1)  First  generation 

(2)  Second  generation 

(1 )  (a)  Type  of  crops;  (b)  area  planted  to  these  crops 

(2)  (a)  Type  of  crops;  (b)  area  planted  to  these  crops 

Resource  capacity 

(1)  Population  pressure 

(2)  Resource  availability 

(3)  Ecological  sensitivity 

(1)  (a)  Population  density;  (b)  population  growth 

(2)  (a)  Ratio  potential/total  land  area;  (b)  ratio  irrigated  to  total  area 

(3)  (a)  Soil  erosion/fertility  index;  (b)  biodiversity  level;  (c)  GHG  reduction 
policy  targets 

Land  management 

(1)  Farm  practices 

(2)  Nature  conservation 

(1)  Percent  farmers  engage  in  (a)  multi-cropping  practices,  (b)  organic 
farming,  (c)  rotation  schemes,  (d)  erosion-reduction  practices,  etc. 

(2)  Nature  conservation  (e.g.  reforestation,  diversification,  protected  areas):  (a) 
type,  (b)  area 

icant  as  compared  to  global  production,  except  for  wood  pellets. 
International  biomass  and  bioenergy  market  is  expected  to  expand 
in  the  future,* 2  but  there  are  existing  tariff  and  non-tariff  barriers 
to  exploiting  trade  potentials  for  both  processed  and  unprocessed 
biomass  energy  sources.  Bilateral  or  multilateral  trade  agreements 
among  countries  often  provide  some  exemptions  to  these  trade 
barriers,  but  there  remain  other  barriers  like  international  qual¬ 
ity  standards  that  cannot  be  easily  resolved  through  preferential 
trade  agreements.  There  are  concerns  that  the  cost  of  meeting  these 
standards  will  reduce  small  farmers  to  growing  only  feedstock  and 
lose  the  possibility  to  participate  in  the  value-added  component 
of  the  market  chain  [8].  Moreover,  because  bioenergy  is  relatively 
a  young  industry,  it  lacks  standard  and  certification  systems  for 
global  biomass  trade  that  will  control  possible  negative  effects  of 
large-scale  biomass  production  and  export  like  deforestation  or 
the  competition  between  food  and  fuel  production  [59].  Unless  the 
growth  in  bioenergy  market  is  achieved  through  sustainable  pro¬ 
duction  and  trade,  the  development  of  the  bioenergy  sector  is  less 
likely  to  contribute  to  achieving  social  and  ecological  sustainability. 


2  The  reasons  for  this  include:  (a)  lower  prices  of  biomass  in  the  developing  coun¬ 
tries  with  limited  technologies  and  higher  costs  of  bioenergy  production  in  the 
developed  countries  with  advanced  technologies,  (b)  increase  energy  demand  in  fast 
growing  economies  like  China  and  India,  and  (c)  generous  targets  for  substituting 
biofuels  for  fossil  fuels  to  support  energy  security  and  climate  policy. 


3.2.  Social  equity 

The  trade  prospects  created  through  bioenergy  policies  in  devel¬ 
oped  countries  made  bioenergy  as  an  appealing  means  of  increasing 
foreign  exchange  revenues  in  developing  countries.  However, 
bioenergy  trade  in  recent  years  had  undesirable  impacts  on  food 
security.  The  recent  controversies  on  the  impacts  of  bioenergy  pro¬ 
duction  on  food  availability  and  affordability  made  food  security  as 
one  of  the  most  urgent  contemporary  public  issues  on  and,  con¬ 
sequently,  also  one  of  the  most  important  determinants  of  the 
sustainability  of  bioenergy  production.3  The  levels  of  food  self- 
sufficiency  and  purchasing  power  are  some  of  the  useful  indicators 
of  food  security  (Table  1 ).  The  drastic  increase  in  prices  of  major 
food  commodities  in  2007  and  2008  caused  food  crisis  resulting  in 
protests  and  riots  in  many  developing  countries  [3,14].  The  con¬ 
version  of  agricultural  crops  and  lands  from  food  to  bioenergy 
production  has  been  claimed  to  contribute  to  short  supply  and  thus 
high  prices  of  major  food  commodities  [8].  Estimates  from  a  global 
commodity  and  trade  model  revealed  an  increase  of  39  percent  in 
maize  prices,  21  percent  in  rice  prices  and  22  percent  in  wheat 
prices  in  2006-2007  due  to  increased  biofuel  demand  [3].  Rapid 


3  This  is  not  surprising  for  several  reasons  [12,13]:  (1 )  at  risk  are  more  than  800 
million  presently  food-insecure  people  and  an  additional  2-2.5  billion  people  who 

could  easily  become  food-insecure  from  rising  commodity  prices;  (2)  the  current 
major  bioenergy  feedstocks  including  sugarcane,  maize,  cassava,  palm  oil,  soy,  and 
sorghum  are  the  main  sources  of  calorie  among  the  food-insecure  population;  and 

(3)  between  50  percent  and  70  percent  of  the  income  are  spent  on  food  by  urban 
and  rural  poor  in  many  developing  countries. 
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price  increases  in  food  commodities  have  considerable  negative 
impacts  on  poverty  reduction,  which  can  undermine  rural  devel¬ 
opment  in  many  developing  countries.  The  contributions  of  the 
bioenergy  sector  to  welfare  through  livelihood  and  employment 
generation  are  the  most  important  indicators  related  to  rural  devel¬ 
opment  (Table  1 ).  Clancy  [8  ]  argues  that  whilst  the  Northern  agenda 
strongly  links  bioenergy  production  among  others  to  fuel  security 
and  environmental  concerns,  the  ostensibly  Southern  agenda  see  it 
as  a  means  to  promote  rural  development.  On  the  one  hand,  those  in 
favour  of  bioenergy  claim  that  bioenergy  production  could  generate 
rural  livelihood  because  [8,51,60]:  (1)  new  demand  for  agricultural 
commodities  other  than  traditional  uses  for  food,  feed  and  fibre  are 
generated  (i.e.  diversification),  which  could  also  reduce  the  volatil¬ 
ity  of  commodity  prices;  (2)  feedstock  could  be  processed  close  to 
the  local  source  of  production,  thus  income  is  retained  in  rural  com¬ 
munities;  (3)  the  economies  of  scale  in  bioenergy  production  would 
offer  opportunity  for  community-based  managed  energy  planta¬ 
tions,  thus  ensuring  higher  income  even  for  smallholders;  and  (4) 
marginal  and  idle  lands  can  be  used  for  production  of  second  gen¬ 
eration  feedstock  (see  discussion  below),  thus  extending  the  land 
base  for  agricultural  activities.  On  the  other  hand,  others  claim  that 
bioenergy  production  could  also  create  employment  because  ([61  ] 
as  cited  in  [60]):  (1)  agricultural  production  in  many  developing 
countries  is  labour-intensive,  thus  large-scale  plantations  through 
local  or  foreign  investments  would  increase  demand  for  agricul¬ 
tural  workers;  and  (2)  construction  and  operation  of  bioenergy 
conversion  facilities  would  generate  additional  economic  activity 
requiring  skilled  workers. 

Although  there  are  few  cases  of  success  on  livelihood  genera¬ 
tion  (e.g.  [62,63]),  many  remain  sceptical  of  the  role  of  bioenergy 
in  welfare  development  due  to  many  infrastructural  [64],  techno¬ 
logical  [51]  and  organisational  [65]  barriers.  Agglomeration  and 
investment  of  capital  have  the  potential  to  increase  the  efficiency  of 
production  and  produce  employment  in  the  rural  sector  but,  if  left 
unregulated,  they  could  push  rural  dwellers  and  small  farmholders 
off  their  land  to  pave  way  for  commercial  exploitation  of  biofuels 
[2,19,66].  Foreign  and  local  investors  have  already  started  buying 
lands  for  growing  bioenergy  crops  in  Africa  (e.g.  [19]),  Asia  (e.g. 
[8,62])  and  Brazil  (e.g.  [2])  resulting  in  displacement  of  poor  rural 
people.  In  these  regions,  insecure  land  tenure  or  lack  of  clear  prop¬ 
erty  rights  is  causing  dispossession  of  land  among  the  poor  [60,67]. 
“In  many  cases,  lands  perceived  to  be  “idle”,  “under-utilised”, 
“marginal”  or  “abandoned”  by  government  and  large  private  opera¬ 
tors  provide  a  vital  basis  for  the  livelihoods  of  poorer  and  vulnerable 
groups,  including  through  crop  farming,  herding  and  gathering  of 
wild  products”  ([68]  as  cited  in  [2,  p.  23]).  For  these  reasons,  it 
is  important  to  take  into  account  social  exclusion,  which  can  be 
measured  by  the  quality  of  property  rights  and  quantity  of  people 
displaced,  as  an  important  determinant  of  sustainable  bioenergy 
production  (Table  1).  Clancy  [8]  argues  that,  although  reports  on 
land  conflicts  is  increasing  with  the  increase  in  biofuel  production, 
displacement  of  poor  farmers  is  not  an  inherent  characteristics  of 
biofuels  but  is  a  consequence  of  political  process  vested  in  power 
relations  in  a  particular  context.  Thus,  if  policies  ensure  social 
equity  not  only  through  generation  of  livelihood  and  employment 
but  also  through  prevention  of  social  exclusion,  rural  populations 
are  stand  to  benefit  more  from  technological  innovation  in  the 
bioenergy  sector.  Improvement  in  lifestyle  is  another  useful  welfare 
contribution  of  modern  bioenergy  technologies  (Table  1).  Energy 
choices  (i.e.  type  and  amount)  resemble  lifestyle  quality  because 
energy  consumption  is  ( 1 )  essential  to  the  provision  of  basic  needs 
(e.g.  food,  clean  water,  health,  shelter,  etc.)  [69],  (2)  highly  corre¬ 
lated  to  decreased  working  hours  and  improved  standard  of  living 
[70,71],  (3)  a  manifestation  of  women’s  role  in  the  society  (i.e. 
reduce  household  drudgery)  [72,69],  and  (4)  related  to  decisions 
on  household  comfort  and  local  social  cohesion  [73].  Some  stud¬ 


ies  suggest  that  the  wider  range  of  choices  on  available  fuel  and 
equipment  distinguishes  a  better  off  household  from  a  poor  one 
and  that  the  sources  of  energy  are  a  function  of  household  income 
[69,60]. 

3.3.  Resource  productivity 

The  sources  of  biomass  feedstock,  which  can  be  categorised  as 
first  generation  and  second  generation  crops,  are  an  important 
determinant  of  ecological  sustainability  of  bioenergy  production 
(Table  1 ).  The  widespread  policy  support  for  bioenergy  R&D  in  the 
1980s  has  promoted  technologies  to  convert  biomass  from  first 
generation  crops;  i.e.,  from  sugar-rich  crops  (e.g.  sugar  cane,  sugar 
beets)  and  starch-rich  crops  (e.g.  maize,  wheat,  potato,  cassava) 
into  ethanol  through  fermentation  and  to  convert  vegetable  oil  (e.g. 
rapeseed,  soybean)  and  palm  oil  (e.g.  palm,  coconut)  into  biodiesel 
through  esterification.  The  global  production  of  ethanol  almost 
tripled  from  20  to  50  billion  litres  and  biodiesel  increased  from  0.8 
to  almost  4  billion  litres  from  2001  to  2007  [74].  The  biomass  feed¬ 
stock  for  these  biofuels  and  the  associated  conversion  technologies 
are,  however,  not  sustainable  because  they  have  negligible  effect  on 
GHG  mitigation,  reduce  biodiversity,  compete  on  land  use  for  food 
production,  and  have  high  costs  of  production  (see  e.g.  [39,40,75]). 
The  high  costs  of  bioenergy  production  particularly  from  dedicated 
energy  crops  are  contributed  by  a  number  of  factors  including  use  of 
fertile  and  thus  valuable  agricultural  land,  intensive  farm  manage¬ 
ment  requiring  more  labour,  and  low  net  energy  yield  per  hectare  of 
biomass  [  1 1 ,39].  A  significant  part  of  the  global  land  area  is  already 
used  for  agriculture  and  most  of  the  land  use  conversions  between 
1970  and  2000  were  in  favour  of  agriculture  and  related  activi¬ 
ties  (Fig.  2).  These  conversions  have  environmental  implications. 
According  to  Gomiero  et  al.  [76],  agriculture  activities  including 
improved  pasture  and  co-adapted  grassland  account  for  about  40 
percent  of  land  surface  and  nearly  85  percent  of  annual  global  water 
withdrawals.  The  use  of  agricultural  crops  for  bioenergy  produc¬ 
tion  will  further  strain  both  land  and  water  resources,  which  are 
already  under  pressure  from  food,  habitat  and  commercial  needs 
of  the  rapidly  growing  population.  The  water  footprint  of  biomass 
is  70-400  times  larger  than  that  from  other  energy  sources  (e.g. 
wind,  solar,  fossil)  [77],  thus  ongoing  increase  in  biofuel  production 
could  result  in  a  significant  increase  in  water  demand  and  worsen 
local  and  regional  water  shortages  [78,79].  The  massive  conver¬ 
sion  of  land  into  oil  palm  production  particularly  in  Southeast  Asia 
is  threatening  biodiversity  because  oil  palm  plantations  support 
much  fewer  species  than  forests  and  other  tree  crops  [  1 5,80].  More¬ 
over,  conversion  of  rainforests,  peatlands,  savannas,  or  grasslands 
to  produce  biofuels  from  first  generation  bioenergy  crops  would 
release  far  more  C02  than  the  annual  GF1G  reductions  that  these 
biofuels  would  provide  by  displacing  fossil  fuels  [5,6]. 

The  foregoing  discussion  emphasises  the  relevance  of  deter¬ 
mining  the  relationships  of  the  feedstock  options  to  the  resource 
capacity,  which  most  relevant  indicators  include  resource  avail¬ 
ability  (i.e.  land,  water),  ecological  sensitivity  (i.e.  soil  quality, 
biodiversity  and  climate  mitigation)  and  population  pressure  (i.e. 
density  and  growth)  (Table  1).  The  new  green  techno-economic 
paradigm  suggests  the  use  of  new  sources  of  biomass  feedstock 
and  advanced  energy  conversion  technologies  not  only  to  pro¬ 
duce  energy-  and  cost-efficient  bioenergy,  but  also  to  contribute  to 
popular  social  concerns  like  rural  development,  food  security  and 
environmental  protection.  “Second  generation  bioenergy”  using 
feedstock  from  agriculture  or  forestry  residues,  fast-growing  trees, 
perennial  grasses,  and  algae  offers  a  promising  techno-economic 
solution  for  several  reasons  (see  e.g.  [39,40,47,75]):  (a)  larger 
energy  yields  per  hectare  due  to  broadness  of  the  feedstock  base,  (b) 
lower  production  costs  per  hectare  due  to  the  use  of  marginal  lands 
and  less  management,  and  (c)  suited  for  annual  harvest  using,  in 
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Fig.  3.  Step  1  -  fuzzification  with  membership  function  and  degree  of  membership. 


some  cases,  the  same  machineries  as  food  crops.  According  to  Londo 
et  al.  [47],  a  more  sustainable  energy  economy  for  the  future  thus 
strongly  depends  on  technologies  that  convert  low-grade  feedstock 
into  high-value  energy  carriers.  Although  there  are  potentials  to 
develop  the  technologies  required  to  process  second  generation 
bioenergy  feedstock,  there  are  remaining  environmental  concerns 
that  need  attention.  Using  marginal  or  abandoned  lands,  which  are 
frequently  highly  erodible,  for  producing  and  harvesting  woody 
biomass  plantations  may  be  accompanied  by  increased  soil  erosion 
[81].  Removal  of  agricultural  residues  in  the  agro-system  for  use 
in  bioenergy  production  could  affect  soil  productivity  due  to  soil 
fertility  loss  and  soil  erosion  [76].  However,  some  authors  suggest 
that  many  of  the  bioenergy  production  dilemmas  could  be  solved 
through  appropriate  land  use  management,  which  main  indica¬ 
tors  include  farm  practices  and  nature  conservation  (Table  1 ).  For 
example,  Dale  et  al.  [82]  explain  that  perennial  bioenergy  crops 
should  be  considered  a  component  of  conservation  farming  sys¬ 
tems  to  improve  soil  quality  and  reduce  erosion.  Plieninger  and 
Bens  [83,  p.  273]  argue  that  “the  basic  challenge  for  conservation  is 
not  biofuel  use  per  se,  but  the  way  in  which  biomass  is  produced”. 
Innovative  land  use  systems  are  needed  specifically  designed  for 
bioenergy  that  have  high  energy  efficiency  and  support  environ¬ 
mental  conservation.  Hennenberg  et  al.  [84]  indicate  that  although 
cultivation  best  practices  vary  widely  depending  on  geography  and 
feedstock,  certain  features  are  common  including  use  of  native 
species  and  local  varieties,  avoidance  of  monocultures,  prioritiza¬ 
tion  of  perennial  crops,  adequate  rotation  schemes,  low-erosion 
land-use  methods  (e.g.  no-till  systems),  low  input  of  agrochemical 
application  and  machinery,  and  minimal  irrigation. 

4.  Parameterisation  techniques 

The  foregoing  discussions  reveal  that  trade-off  decisions  among 
various  social,  economic  and  ecological  determinants  influence  the 
sustainability  of  bioenergy  production.  This  section  discusses  the 
relevant  techniques  for  generating  trade-off  parameters  of  sustain¬ 
ability  pillars  and  production  activities  from  these  determinants. 

4.2.  Fuzzy  logic  analysis 

Fuzzy  logic  is  a  useful  technique  to  generate  trade-off  param¬ 
eters  for  the  determinants  of  the  sustainability  pillars.  Since  the 
1960s,  fuzzy  logic  analysis  is  widely  used  to  handle  vagueness  or 
inaccuracy  in  different  fields  including  industrial  control,  military 
operations,  economics,  engineering,  medicine,  reliability  analysis, 


and  pattern  recognition  and  classification  [85].  More  recently,  it 
has  also  been  applied  in  environmental  science  to  analyse  sus¬ 
tainability  [86]  and  vulnerability  [87,88].  Fuzzy  logic  has  several 
advantages  for  modelling  sustainability  including  its  ability  to  com¬ 
bine  quantitative  and  qualitative  data,  convert  numerical  data  into 
linguistic  values,  include  expert  judgement  and  knowledge,  rep¬ 
resent  non-linear  relationships  of  interrelated  data,  make  model 
assumptions  transparent  using  inference  rules,  and  generate  multi¬ 
valued  model  outputs.  The  fuzzy  logic  analysis  follows  three  steps, 
and  each  of  these  steps  consists  of  two  procedures: 

(1)  Fuzzification:  (i)  categorization  of  membership  functions;  and 
(ii)  assessment  of  degree  of  memberships. 

(2)  Fuzzy  inference:  (i)  construction  of  inference  rules;  and  (ii) 
deduction  of  fuzzy  estimates  using  these  rules. 

(3)  Defuzzification:  (i)  transposition  of  fuzzy  estimates;  and  (ii) 
aggregation  of  transposed  fuzzy  estimates. 

In  the  first  procedure  of  fuzzification,  the  numerical  or  verbal 
values  of  an  indicator  on  the  x-axis  are  categorised  into  compa¬ 
rable  linguistic  values  using  the  membership  function,  whilst  in 
the  second  procedure  the  given  value  of  this  indicator  is  trans¬ 
lated  into  a  scale  (i.e.  0-1)  using  the  degree  of  membership  on 
the  y-axis.  Fig.  3a  and  b  illustrates  the  fuzzification  of  the  deter¬ 
minant  “technology  diffusion”  using  R&D  investment  (i.e.  percent 
of  GDP)  and  deployment  (i.e.  scale  of  pilot  and  demonstration 
projects)  as  indicators.  Categorizing  the  data  into  “low”,  “medium” 
and  “high”,  three  membership  functions  corresponding  to  each 
of  these  linguistic  values  have  to  be  constructed.  The  number  of 
membership  functions  in  the  fuzzification  diagram  thus  depends 
on  the  number  of  data  categories.  The  shape  of  the  member¬ 
ship  functions  defines  the  range  of  numerical  values  included 
for  each  linguistic  value  and  the  degree  of  membership  ji  of 
the  selected  data  sample.  In  the  fuzzification  of  R&D  investment 
(Fig.  3a),  for  example,  given  an  investment  to  GDP  ratio  of  12 
percent,  the  membership  functions  for  both  categories  medium 
and  high  are  intersected,  but  not  for  category  low.  These  inter¬ 
sections  result  in  a  membership  value  of  0.8  for  the  category 
high,  0.4  for  the  category  medium,  and  0.0  for  the  category  low. 
The  latter  implies  that  R&D  investment  at  12  percent  is  definitely 
not  low.  In  the  fuzzification  of  R&D  deployment  (Fig.  3b),  the 
scale  of  the  bioenergy  projects  represents  the  qualitative  data  of 
this  indicator.  Assuming  that  most  projects  are  small-scale  bioen¬ 
ergy  facilities,  then  the  membership  function  for  low  category 
is  intersected  at  a  membership  value  of  0.2,  for  average  cate- 
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1st  Procedure 

Inference  rules  between  input  indicators  R&D  investment  (A)  and  deployment  (B) 

rule  1: 

If  A  is  low  and  B  is  low 

then  C  is  low 

rule  2: 

If  A  is  low  and  B  is  medium 

then  C  is  low 

rule  3: 

If  A  is  low  and  B  is  high 

then  C  is  medium 

rule  4: 

If  A  is  medium  and  B  is  low 

then  C  is  low 

rule  5: 

If  A  is  medium  and  B  is  medium 

then  C  is  medium 

rule  6: 

If  A  is  medium  and  B  is  high 

then  C  is  high 

rule  7: 

If  A  is  high  and  B  is  low 

then  C  is  medium 

rule  8: 

If  A  is  high  and  B  is  medium 

then  C  is  high 

rule  9: 

If  A  is  high  and  B  is  high 

then  C  is  high 

2nd  Procedure 

Deducted  degree  of  membership  of  the  output  index  Technology  diffusion  (C) 

rule  1: 

pC(low)  =  min  {0,  0.2} 

pC(low)  =  0 

rule  2: 

pC(low)  =  min  {0,  0.5} 

pC(low)  =  0 

rule  3: 

pC(medium)  =  min  {0,  0} 

pC(medium)  =  0 

rule  4: 

jjC(low)  =  min  {0.4, 0.2} 

pC(low)  =  0.2 

rule  5: 

pC(medium)  =  min  {0.4,  0.5} 

pC(medium)  =  0.4 

rule  6: 

pC(high)  =  min  {0.4,  0} 

pC(high)  =  0 

rule  7: 

pC(medium)  =  min  {0.8,  0.2} 

jjC(medium)  =  0.2 

rule  8: 

pC(high)  =  min  {0.8,  0.5} 

pC(high)  =  0.5 

rule  9: 

pC(high)  =  min  {0.8,  0} 

CD 

II 

_CJ> 

O 

Note:  Weight  of  indicator  A  is  70%  and  indicator  B  is  30%. 


Fig.  4.  Step  2  -  fuzzy  inference  between  input  indicators  and  output  index. 


gory  at  0.5,  and  for  high  category  at  0.  The  latter  implies  that 
R&D  deployment  with  small-scale  projects  is  definitely  not  high. 
The  degree  of  memberships  generated  for  both  R&D  investment 
(poor  =  0,  middle-class  =  0.4,  rich  =  0.8)  and  deployment  (low  =  0.2, 
average  =  0.5,  high  =  0)  are  carried  over  to  the  second  step  of  the 
fuzzy  logic  analysis. 

In  the  first  procedure  of  the  fuzzy  inference,  the  inference 
rules  are  constructed  by  defining  the  conceptual  and/or  logical 
relationship  between  the  input  indicators  and  the  output  index 
using  linguistic  “if-then”  statements.  The  nature  of  the  relation¬ 
ship  will  be  based  on  the  issues  and  concerns  described  in  the 
sustainability  concept  in  Section  3.  To  simplify  the  illustration, 
we  now  refer  here  to  R&D  investment  as  the  input  indicator  A 
and  R&D  deployment  as  input  indicator  B  to  generate  an  index 
for  technology  diffusion.  Assuming  that  the  survey  and  consul¬ 
tations  in  the  case  study  region  informed  that  R&D  investment 
(e.g.  70  percent)  has  more  weight  than  the  R&D  deployment  (e.g. 
30  percent),  then  this  information  should  be  taken  into  account 
in  constructing  the  inference  rules  (see  Section  4.2  for  the  esti¬ 
mation  of  the  weights).  Looking  at  rule  2  in  the  upper  half  of 
Fig.  4,  even  if  indicator  B  has  “medium”  category,  index  C  remains 
“low”  because  indicator  B,  which  has  more  weight  than  indicator 
A,  has  only  “low”  category.  Similarly,  in  rule  8,  index  C  turns  “high” 
because  the  “medium”  category  of  indicator  B  is  combined  with 
the  “high”  category  of  indicator  A.  In  the  second  procedure  of  the 
fuzzy  inference,  the  fuzzy  estimates  of  technology  diffusion  (C)  are 
deducted  from  the  degree  of  membership  of  indicators  A  and  B, 
which  were  computed  from  the  first  step  of  the  fuzzy  logic  analy¬ 
sis.  The  logical  connective  “and”  in  the  above  inference  rules  means 
that  mathematical  relationship  between  indicators  A  and  B  is  an 
intersection  (see  [86]  for  other  logical  connectives).  In  rule  1,  for 
example,  the  mathematical  expression  for  the  intersection  (A,  B)  is: 
/xC(  low)  =  min {/zA,  /zB},  where  the  minimum  value  of  the  degree  of 
membership  of  indicators  A  and  B  is  selected.  Applying  the  degree 
of  memberships  of  indicators  A  and  B  based  on  the  constructed 
inference  rules,  the  results  of  the  deduction  in  fuzzy  inference 
for  the  technology  diffusion  (C)  are  shown  in  the  lower  half  of 
Fig.  4.  The  most  relevant  results  are  those  with  non-zero  estimates 


including  /zC( low)  =  0.2,  /zC(  medium)  =  0.4,  /zC(  medium)  =  0.2,  and 
/iC{ high)  =  0.5.  These  fuzzy  estimates  are  carried  over  to  the  third 
step  of  the  fuzzy  logic  analysis,  defuzzification. 

The  third  and  last  step  in  the  fuzzy  logic  analysis,  defuzzification , 
involves  also  two  procedures,  one  is  the  transposition  of  the  fuzzy 
estimates,  and  the  other  is  the  aggregation  of  the  transposed  fuzzy 
estimates  (Fig.  5).  The  transposition  is  the  reverse  process  of  the 
fuzzification,  hence  the  term  defuzzification.  The  fuzzy  estimates 
on  the  y-axis  are  extended  horizontally  to  intersect  the  member¬ 
ship  functions  of  the  output  index.  The  transposed  fuzzy  estimates 
correspond  to  the  area  under  these  intersections,  also  referred  to  as 
the  truncated  membership  functions.  In  the  case  of  the  technology 
diffusion  example,  there  are  four  (non-zero)  truncated  member¬ 
ship  functions.  They  are  labelled  a,  b,  c  and  d  in  Fig.  5,  where 
a  =  /xC( low)  =  0.2,  b  =  )iC{ medium)  =  0.2,  c  =  /zC(  medium)  =  0.4,  and 
d  =  /zC( high)  =  0.5.  The  aggregation  process  defines  an  overall  fuzzy 
conclusion  by  selecting  an  operator  to  aggregate  the  transposed 
fuzzy  estimates.  These  operators  include  methods  such  as  centre 
of  gravity,  mean  of  maximum,  and  largest  of  maximum  to  produce 


Fig.  5.  Step  3  -  defuzzification  of  the  transposed  fuzzy  estimates. 
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an  index  with  scale  from  0  to  1 .  Fig.  5  shows  the  application  of  cen¬ 
tre  of  gravity  method  to  assess  the  numerical  value  or  index  of  the 
output  variable.  This  method  divides  the  area  under  the  defuzzi¬ 
fication  curve  (i.e.  the  sum  of  the  shaded  area  a ,  b ,  c  and  d)  into 
two  equal  sub-areas.  Thus,  the  fuzzy  conclusion  from  12  percent 
R&D  investment  and  small-scale  R&D  deployment  is  0.52,  which 
is  the  index  or  trade-off  parameter  for  technology  diffusion.  This 
index  is  an  example  output  of  one  fuzzy  model.  There  will  be  alto¬ 
gether  12  fuzzy  models,  each  one  aggregating  the  indicators  for 
each  determinant.  A  test  of  statistical  correlation  will  be  carried  out 
before  the  indicators  are  aggregated  to  avoid  data  redundancy.  The 
inputs  for  each  fuzzy  model  are  time-series  data  (e.g.  1970-2000) 
of  the  indicators  (see  examples  in  Table  1).  They  can  be  collected 
from  statistics  published  by  international  and  government  institu¬ 
tions  and  from  previous  relevant  studies.  The  preference  weights 
for  each  indicator  will  be  estimated  from  the  conjoint  analysis  (see 
Section  4.2).  The  output  from  the  fuzzy  models  which  are  indices 
with  values  ranging  from  0  to  1  will  be  carried  over  as  inputs  to 
the  logit  analysis  (see  Section  4.3).  The  fuzzy  module  of,  for  exam¬ 
ple,  MATLAB  software  can  be  used  for  implementing  fuzzy  logic 
analysis. 

4.2.  Conjoint  analysis 

Conjoint  analysis  (also  known  as  choice  models  or  experiments) 
is  a  practical  technique  not  only  for  measuring  preferences  but  also 
for  developing  scenario  parameters.  This  is  a  technique  widely  used 
in  different  scientific  fields  including  psychology,  transport,  eco¬ 
nomics,  and  environment  to  transform  subjective  choice  responses 
into  estimated  parameters.  Norman  and  Streiner  [89]  provide  a 
summary  of  the  application  of  conjoint  analysis  for  environmental 
valuation.  In  conjoint  analysis  the  attributes  of  an  environmen¬ 
tal  good  are  used  to  understand  the  general  trade-offs  which  an 
individual  is  willing  to  make  [90].  Considerable  attention  has  been 
given  to  this  technique  both  in  the  academe  and  industry  to  mea¬ 
sure  preferences  through  utility  tradeoffs  among  products  and 
services  [91,92],  particularly  in  agro-environment  (e.g.  [93-96]). 
The  subjective  choices  for  non-economic  goods  and  services  such 
as  those  provided  through  the  natural  environment  or  ecosystem 
are  valued  in  conjoint  analysis  as  preferences.  Public  preferences 
have  an  important  role  in  decision-making  because  they  may  in 
fact  highlight  stark  policy  trade-offs  [97].  An  environmental  good 
can  be  described  according  to  the  levels  of  a  set  of  attributes,  and 
the  consumer’s  overall  judgement  with  respect  to  that  product  is 
based  on  these  attribute  levels  [98].  In  conjoint  analysis,  a  set  of 
attributes  and  their  respective  levels  define  the  choices  and  thus 
the  trade-offs.  Table  2  presents  examples  of  attributes  and  levels 
based  on  the  determinants  of  economic,  social  and  ecological  sus¬ 
tainability.  In  addition,  attributes  on  the  types  and  sources  of  energy 
are  included  to  give  context  to  the  choice  task. 

The  theoretical  basis  for  conjoint  analysis  is  the  random  util¬ 
ity  theory  describing  the  choice  behaviour  of  an  agent  in  a 
utility  maximizing  framework.  Based  on  the  theory,  the  util¬ 
ity  is  composed  of  an  observable  or  deterministic  component 
of  attributes  (X*)  and  an  unobservable  or  random  error  com¬ 
ponent  (e,-):  Ui  =  v  +  CDiXi+---  +  cDnXn  +  Si.  The  &>;,  ...,  con  are  the 
estimated  weights  for  these  attributes.  There  are  different  types  of 
conjoint  methods  including  Adaptive  Conjoint  Analysis  (ACA),  Tra¬ 
ditional  Full-Profile  Conjoint  (CVA),  Choice-based  Conjoint  (CBC), 
and  Partial-Profile  CBC  [99].  We  present  here  an  example  of  how  to 
construct  choice  tasks  for  estimating  preference  weights  using  the 
CBC  method.  A  choice  task  consists  of  different  options,  and  each 
option  in  a  task  presents  specific  level  of  an  attribute.  Fig.  6  presents 
an  example  of  a  choice  task  in  the  survey  questionnaire  for  conjoint 
analysis.  The  group  of  respondents,  which  can  be  government  offi¬ 
cials  and  scientists,  will  be  asked  to  choose  one  option  in  the  given 


Table  2 

Example  of  attributes  and  their  levels  for  constructing  choice  tasks. 


Attributes 

Levels 

Type  of  energy 

(1)  Bioenergy 

(2)  Other  renewables  (e.g.  wind,  solar) 

(3)  Fossil  fuels 

(4)  Mixed  types  (i.e.  both  fossil  and  renewables 
including  bioenergy) 

Source  of  energy 

(1)  Local  production 

(2)  Imported  energy  (raw  or  finished  product) 

(3)  Mixed  sources  (i.e.  both  local  and  imported 
sources) 

Economic  stability 

(1 )  Achieve  energy  security 

(2)  Promote  technology  diffusion 

(3)  Develop  market  infrastructure 

Social  equity 

(1)  Ensure  food  security 

(2)  Promote  welfare 

(3)  Reduce  social  exclusion 

Resource  productivity 

(1)  Increase  feedstock  supply 

(2)  Enhance  resource  capacity 

(3)  Improve  land  management 

choice  task  which  they  think  is  most  appropriate  to  the  current 
development  condition  and  strategies  of  their  regions  or  countries 
(e.g.  question  (a)  in  Fig.  6).  The  preference  weights,  which  are  the 
results  of  conjoint  analysis  using  a  choice  task  such  as  shown  in 
Fig.  6,  will  be  used  as  input  to  the  fuzzy  models  in  Section  4.1 .  If  the 
respondents  were  to  be  given  specific  development  and  policy  sce¬ 
narios  as  context  for  choosing  an  option,  the  results  of  the  conjoint 
analysis  could  be  used  to  develop  scenarios  for  fuzzy  models  (e.g. 
question  (b)  in  Fig.  6).  The  Sawtooth  software  can  be  used  not  only 
to  analyse  the  responses  of  the  respondents  (i.e.  compute  prefer¬ 
ence  weights),  but  also  to  construct  the  choice  tasks  and  prepare 
the  survey  questionnaire. 

4.3.  Spatiotemporal  logit  analysis 

Logistic  distribution  function  or  logit  model  is  a  relevant  tech¬ 
nique  to  generate  production  activities  trade-off  or  the  probabilities 
of  land  use  conversions  in  a  geographical  space.  Few  studies  have 
already  applied  logit  models  on  spatial  data  from  historical  land 
use  maps  to  estimate  the  probability  of  land  use  conversions  (e.g. 
[100,101  ]).  In  this  kind  of  model,  the  dependent  variable  represents 
a  finite  set  of  alternatives  that  can  be  chosen  and  has  a  discrete  sta¬ 
tistical  distribution  [102].  The  choices  are  either  the  presence  or 
the  absence  of  occurrence  of  land  use  change  on  a  spatially  explicit 
location.  Thus,  the  dependent  variable  will  be  binary,  taking  a  value 
of  1  when  land  use  change  occurred  and  0  when  it  did  not.  In  the 
binary  choice  framework,  the  independent  variables,  which  are  sets 
of  variables  influencing  conversions  from  one  land  use  to  another, 
can  have  continuous  or  discrete  distributions.  Two  sets  of  inde¬ 
pendent  variables  will  be  used  to  estimate  the  probability  of  land 
use  conversions,  one  consists  of  spatial  data  on  topographical  fea¬ 
tures  and  soil  properties,  and  the  other  is  temporal  data  on  social, 
economic  and  ecological  sustainability.  The  logistic  distribution 
function  (logit  model)  is  given  as: 


0) 

P(LUCt  =  1)  =  F(Yt) 

(2) 

Yt  =  Pot  +  /Si  ECOt  +  P2SOCt  +  /33ENVu  +  et 

(3) 

where  Yt  is  the  unobservable  or  latent  variable,  ECOt  is  the  set  of 
parameters  for  economic  stability  at  time  t,  SOCt  is  the  set  of  param- 
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Which  of  the  following  options  would  you  choose,  taking  into  account  the  given  situations  in  (a)  and  (b)? 


Attributes 

Optionl 

Option  2 

Option  3 

Option  4 

Type  of  energy 

Source  of  energy 
Economic  Stability 

Social  Equity 

Resource  productivity 

Bioenergy 

Imported  energy 
Promote  technology 

Promote  welfare 

Increase  feedstock 

Other  renewables 

Local  production 

Energy  security 

Reduce  exclusion 

Improve  management 

Fossil  fuels 

Mixed  sources 

Develop  market 

Food  security 

Enhance  resources 

Mixed  types 

Local  production 

Energy  security 

Promote  welfare 

Improve  management 

(a)  Past  policies  and  current  development  condition  in  your  country? 

(b)  Future  policy  strategies  and  development  plans  in  your  country? 


Fig.  6.  Example  of  a  choice  task  in  a  survey  questionnaire. 


eters  for  social  equity  at  time  t,  ENVit  is  the  set  of  parameters  for 
resource  productivity  and  spatial  data  on  topographical  features 
and  soil  properties  in  a  geographical  space  i  at  time  t,  and  LUCt  is  the 
occurrence  of  land  use  change  observed  at  time  t.  The  presence  (i.e. 
LUCt  =  1 )  and  absence  (i.e.  LUCt  =  0)  of  land  use  change  will  be  based 
on  historical  data  on  the  changes  in  land  use  as  shown  for  exam¬ 
ple  in  Fig.  2c.  The  solution  to  the  above  equations  will  be  based  on 
a  panel  regression  technique  given  the  combination  of  spatial  and 
temporal  data.  The  temporal  data  are  trade-off  parameters  of  eco¬ 
nomic  stability,  social  equity  and  resource  productivity,  which  will 
be  generated  from  the  fuzzy  logic  analysis.  Using  fuzzy-generated 
parameters  will  simplify  the  model  specifications  considering  the 
large  number  and  diverse  types  (i.e.  both  quantitative  and  qualita¬ 
tive)  of  indicators  that  measure  these  determinants.  To  create  the 
spatial  dataset  from  the  land  use,  topographical  and  soil  maps,  a 
sample  of  one  point  per  unit  of  land  (e.g.  hectare)  will  be  drawn 
out  from  each  GIS  map.  The  sample  points  should  be  identical  for 
all  the  maps.4  The  data  for  the  dependent  variable  LUCt  consist  of 
the  most  relevant  land  use  change  trajectories  (e.g.  crops  to  biofuel 
plantation  ( CR-BP ))  observed  from  land  use  maps  in  a  particular 
case  study  region  for  different  periods.  The  logit  models  will  gen¬ 
erate  as  outputs  the  probabilities  of  land  use  conversions  ranging 
from  zero  to  100  percent  (where  zero  means  low  and  100  percent 
means  high  probability),  which  can  be  mapped  out  to  show  spatial 
distribution  of  probabilities.  In  the  STRAP  approach,  these  proba¬ 
bilities  not  only  summarise  the  past  developments,  but  also  inform 
about  the  possible  future  trend  (i.e.  potentials)  in  a  specific  land 
use  conversion.  The  latter  is  based  on  the  assumption  in  economic 
analysis  that,  holding  other  things  constant,  the  developments  in 
the  past  (i.e.  as  estimated  in  time-series  regression)  will  tend  to 
continue  in  the  future.  This  assumes  of  course  that  no  structural 
adjustments  will  take  place  through  major  policy  changes.  For  each 
land  use  conversion,  alternative  model  specifications  will  be  tested. 
The  best  model  specifications  with  the  highest  number  of  suitable 
coefficients  (i.e.  statistically  significant,  correct  signs)  will  be  car¬ 
ried  over  as  inputs  to  the  path  analysis.  Standard  statistical  software 
such  as  SPSS  and  SAS  can  be  used  to  estimate  logit  models. 

5.  Path  analysis  and  bioenergy  pathways 

Path  analysis  is  a  useful  technique  in  determining  development 
pathways  for  bioenergy  production.  Its  technique  was  developed 
by  Sewall  Wright  in  the  1920s  to  investigate  ramifications  of  var¬ 
ious  models  in  population  genetics  [103],  and  since  then  is  used 
extensively  in  the  fields  of  social  science  (see  examples  in  Stage 
et  al.  [104]).  The  extension  of  the  technique  to  provide  solutions 


4  By  taking  such  a  sample,  overestimations  of  the  level  of  statistical  significance 
will  be  avoided.  This  would  be  the  case  if  all  pixels  that  represent  one  single  land 
use  change  event  were  counted  as  individual  observations. 


to  more  intricate  model  decomposition  led  to  the  evolution  of  path 
analysis  to  what  is  now  called  the  structural  equation  model  (SEM). 
SEM  is  a  research  technique  that  is  mostly  applied  in  psychology, 
sociology,  biological  sciences,  educational  research,  political  sci¬ 
ence  and  marketing  research  since  the  1970s  [105].  More  recently, 
path  analysis  and  its  SEM  extension  have  been  applied  in  the  field 
of  resource  or  environmental  economics  in  particular  on  land  use 
(e.g.  [100,105,106]).  Because  path  analysis  is  simpler  to  illustrate 
than  SEM  and  provides  the  basic  technique  for  SEM,  the  discussion 
here  progresses  from  the  basics  of  the  path  analysis  to  the  sophis¬ 
tications  of  the  SEM.  Path  analysis  aims  to  provide  estimates  of 
the  magnitude  and  significance  of  hypothesized  causal  connections 
among  sets  of  variables  displayed  through  the  use  of  path  dia¬ 
grams  [104].  A  path  diagram  has  three  components:  (1)  variables, 
(2)  arrows,  and  (3)  coefficients  (Fig.  7).  The  variables  (e.g.  Xs  and 
Y)  are  those  identified  to  have  relations  in  the  model,  either  causal 
or  correlations.  The  arrows  point  from  one  variable  to  another  to 
show  the  type  of  relations:  a  single-headed  arrow  shows  causal 
relations  and  a  double-headed,  curved  arrow  shows  correlations. 
The  coefficients  (e.g.  ,  /32 ,  /33 ),  which  are  estimates  from  multiple 

regression  analysis  show  the  relative  importance  of  causal  paths 
of  the  exogenous  to  the  endogenous  variables.  Because  path  anal¬ 
ysis  makes  use  of  the  regression  estimates,  it  is  referred  to  as  an 
extension  of  regression  techniques.  However,  the  independent  or 
explanatory  variables  are  called  exogenous  variables  (e.g.  X\ ,  X2 ,  X3 ) 
in  path  analysis,  and  the  dependent  variables  are  called  endogenous 
variables  (e.g.  Y).  Path  analysis  is  sensitive  to  model  specification 
because,  as  in  regressions,  exclusion  of  relevant  causal  variables  or 
inclusion  of  irrelevant  variables  can  affect  path  coefficients  [104]. 
It  is  thus  important  to  assess  alternative  model  specifications  on 
the  basis  of  their  goodness  of  fit.  To  simplify  the  illustration  of 
alternative  model  specifications,  first  we  use  in  Fig.  7  only  the  deter¬ 
minants  of  economic  stability  (i.e.  exogenous  variables)  to  explain 
the  probability  of  land  use  conversion  from  crops  to  biofuel  planta¬ 
tions  (i.e.  endogenous  variable).  The  three  models  in  Fig.  7a-c  differ 
in  terms  of  the  structure  of  relationships  of  the  exogenous  to  the 
endogenous  variables.  Three  types  of  effects  are  measured  in  path 
analysis:  total,  direct  and  indirect  effects  [107].  The  total  effect  (p), 
usually  written  on  top  of  the  endogenous  variable,  informs  how 
much  change  in  endogenous  variable  is  induced  by  a  given  change 
in  the  exogenous  variables.  The  direct  effect  is  part  of  the  total  effect 
which  is  not  transmitted  via  intervening  variables  (Fig.  7a).  The 
indirect  effects  are  those  parts  of  the  total  effect  which  are  trans¬ 
mitted  or  mediated  by  variables  specified  as  intervening  between 
the  cause  and  the  effect  in  a  model.  The  intervening  variable  in 
Fig.  7b  is  X3  and  those  in  Fig.  7c  are  X2  and  X3. 

Fig.  8  shows  a  complete  path  analysis  of  economic,  social  and 
ecological  determinants  of  sustainability  based  on  the  model  spec¬ 
ification  in  Fig.  7a.  This  model  specification  assumes  that  the 
different  determinants  not  only  in  each  sustainability  pillar  but  also 
across  the  three  sustainability  pillars  are  correlated.  Moreover,  all 
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Fig.  7.  Possible  relations  of  determinants  of  economic  stability  to  a  land  use  conversion. 


the  determinants  have  direct  effects  on  the  probability  of  land  use 
conversion  CR-BP  (i.e.  fa , . . .,  /39  ±  0)  and  that  the  linear  sum  of  all 
direct  path  coefficient  /3S  should  be  equal  to  the  total  direct  effect 
(i.e.  YHi=\Pi  =  P)-  Because  resource  endowments  and  development 
strategies  vary,  the  total  effect  of  exogenous  on  the  endogenous 
variables  (i.e.  p),  the  values  of  path  coefficients  (i.e.  . . .,  /39), 

and  the  directions  of  path  relations  (e.g.  Fig.  7a-c)  are  expected 
to  vary  in  different  regions  or  countries.  In  some  cases,  the  path 
relations  between  the  exogenous  variables  (e.g.  Xlt  . . .,  X9)  and 
the  endogenous  variable  (i.e.  CR-BP)  are  not  simply  direct  causal 
effects  as  illustrated  in  Fig.  8.  Depending  on  the  complexity  of  the 
path  relations,  there  may  be  a  need  to  proceed  from  path  analysis 
to  structural  equation  model  (SEM).  Fig.  9  illustrates  a  case  where 
the  probability  of  land  use  conversion  is  determined  not  directly 
by  the  observable  determinants  or  measured  variables  (i.e.  Xi, . . ., 
X9)  but  by  some  unobservable  factors  (i.e.  Yi,  V2 ,  and  Y3),  which 
in  turn  are  defined  by  the  relationships  between  the  relevant  mea¬ 
sured  variables.  These  unobservable  factors  are  referred  to  as  latent 
variables  and  considered  as  endogenous  variables  because  they  are 
estimated  in  SEM.  SEM  is  thus  a  hybrid  model  with  both  multiple 
determinants  for  each  latent  variable  and  specific  paths  connecting 
to  the  latent  variables;  it  is  considered  a  useful  technique  because 
it  can  deal  with  several  directions  of  influence  between  variables 
[105],  both  measured  and  latent.  Inclusion  of  latent  variables  could 
be  useful  for  considering  simultaneously  a  number  of  measures 
for  the  same  construct  and  for  reducing  unreliability  of  measured 
variables  especially  those  with  qualitative  data  [89].  Following  the 
sustainability  concept  in  Section  3,  the  latent  variables  are  repre¬ 
sented  by  economic  stability  (Yi),  social  equity  (Y2),  and  resource 
productivity  (Y3).  They  are  assumed  to  have  direct  paths  to  the 
probability  of  land  use  conversion  and  thus  serve  as  intervening 
variables  to  the  measured  variables  (i.e.  determinants).  Moreover, 
because  they  could  influence  each  other,  they  also  have  indirect 
paths  to  the  probability  of  land  use  conversion.  The  total  effect  to 
the  probability  of  land  use  conversion  is  thus  the  additive  values 
of  all  a  and  /3  coefficients  (i.e.  Y^i=iai  +  Pi  =  Pi  )• In  addition  to  the 
path  coefficients,  the  model  specification  in  Fig.  9  will  generate  esti¬ 
mates  not  only  for  the  probability  of  land  use  conversion  (p4),  but 
also  for  economic  stability  (pi ),  social  equity  (p2 ),  and  resource  pro¬ 
ductivity  (p3 ).  These  latter  three  estimates  provide  a  measure  of  the 
influence  of  the  sustainability  pillars  on  the  bioenergy  potentials. 

The  path  diagrams  in  Figs.  8  and  9  are  examples  of  outputs  from 
the  path  analysis  and  its  SEM  extension.  In  these  diagrams,  the 
development  pathways  for  bioenergy  production  will  be  defined 
by  not  only  the  path  relations  and  directions,  but  also  the  values 


of  coefficients  and  their  total  effects  on  the  land  use  conversions. 
The  higher  these  values  the  higher  are  the  potentials  for  bioen¬ 
ergy  production.  The  pathway  diagrams  are  a  convenient  tool  for 
identifying  the  most  relevant  social,  economic  and  ecological  deter¬ 
minants  that  influence  bioenergy  potentials.  The  data  inputs  for 
the  path  analysis  are  the  estimates  from  and  specification  of  the 
logit  models,  which  in  turn  use  parameters  from  fuzzy  models  as 
data  inputs.  This  hybrid  approach  thus  takes  into  consideration  the 
trade-offs  between  the  sustainability  determinants  (output  from 
the  fuzzy  models),  albeit  indirectly,  and  production  activities  (out¬ 
put  from  the  logit  models)  in  identifying  development  pathways 
for  bioenergy  production.  The  models  specified  in  both  Figs.  8  and  9 
can  be  solved  using  SPSS,  which  has  statistical  packages  (e.g.  LISREL 
and  AMOS)  for  doing  path  analysis  and  SEM. 

6.  Illustration  of  empirical  applications 

To  illustrate  the  empirical  application  of  the  parameterisation 
techniques  for  generating  trade-off  parameters  and  path  analysis 
for  identifying  bioenergy  pathways,  we  present  below  results  of 
relevant  studies. 

6.1.  Fuzzy  indices 

Using  fuzzy  logic  models,  Acosta-Michlik  et  al.  [87]  computed 
indices  for  the  determinants  of  socio-economic  susceptibility5 
to  droughts  in  selected  regions  in  India,  Portugal  and  Russia. 
The  determinants  for  economic  development  include  financial 
resources,  agriculture  sector,  infrastructure  system,  and  those  for 
social  well-being  include  educational  attainment,  health  status  and 
gender  equality.  The  area  in  web  diagrams  in  Fig.  10  measures 
socio-economic  susceptibility  based  on  these  determinants.  The 
level  of  susceptibility  increases  from  the  centre  to  the  edge  of  the 
web,  thus  the  larger  the  area  in  the  web  the  higher  is  the  suscepti¬ 
bility.  The  region  of  Andhra  Pradesh  in  India  had  the  highest  overall 
socio-economic  susceptibility  in  the  first  half  of  the  1990s.  As  com¬ 
pared  with  other  case  study  regions,  Andhra  Pradesh  had  the  lowest 
educational  attainment  and  the  poorest  health  condition  contribut¬ 
ing  to  its  high  socio-economic  susceptibility.  In  contrast,  however, 
the  susceptibility  in  terms  of  infrastructure  development  was  low- 


5  Socio-economic  susceptibility  is  defined  as  the  inability  of  the  state  and  society 
to  protect  and  support  communities  from  adverse  water  stress  if  market  mecha¬ 
nisms  fail  to  provide  the  necessary  resources  for  coping  with  the  stress  [87]. 


L.  Acosta-Michlik  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 1 )  2791-2809 


2803 


Fig.  8.  Path  analysis  of  economic,  social  and  ecological  determinants  for  crops  to  biofuel  conversion. 


est  in  Andhra  Pradesh,  India.  The  extensive  irrigation  programme  of 
the  Indian  government  in  the  past  as  a  measure  to  promote  agricul¬ 
tural  development  contributed  to  a  good  agricultural  infrastructure 
[87].  The  results  of  the  fuzzy  analysis  in  this  study  thus  indicate 
that  the  government  in  India  has  traded-off  agricultural  develop¬ 
ment  against  education  and  health  well-being,  most  likely  because 
of  the  large  number  of  people  who  depend  on  agriculture  for  their 
income  and  livelihood.  Looking  at  the  trend  in  the  determinants 
of  socio-economic  susceptibility,  a  somewhat  different  conclusion 
can  be  deduced.  Fig.  1 1  shows  that  the  level  of  economic  develop¬ 
ment  continuously  decreased  in  India  from  1980  to  1995,  reaching 
the  lowest  level  in  the  early  1990s  due  to  the  impacts  of  the  1991 
global  economic  crisis.  However,  the  level  of  social  well-being  in 
India  did  not  change  significantly.  This  implies  that,  whilst  social 
support  in  India  is  low  as  compared  to  Portugal  and  Russia,  the 
government  in  the  former  country  did  not  trade-off  social  well¬ 
being  in  periods  of  low  economic  growth.  This  illustration  of  fuzzy 
logic  application  shows  the  usefulness  of  the  technique  in  assessing 
trade-offs  between  different  determinants  of  a  particular  system. 
Although  Acosta-Michlik  et  al.’s  focus  of  analysis  is  human  suscep¬ 
tibility  to  the  impacts  of  droughts,  their  framework  is  based  on 
the  sustainability  concept  [88].  They  essentially  draw  on  the  work 
of  Cornelissen  et  al.  [86]  which  develop  fuzzy  mathematical  mod¬ 
els  to  assess  sustainable  development  based  on  context-dependent 
economic,  ecological,  and  societal  sustainability  indicators.  Acosta- 


Michlik  et  al.  [108]  show  that  fuzzy  indices  can  be  used  as  data 
inputs  to  logit  models.  They  use  the  fuzzy  indices  of  socio-economic 
susceptibility  and  the  indices  of  water  stress  [109]  as  independent 
variables  (Fig.  11),  and  the  occurrence  of  drought  crisis  (i.e.  crisis 
event  =  1 ,  no  crisis  event  =  0)  as  dependent  variable  to  logit  models. 
Because  we  are  interested  in  the  application  of  logit  models  using 
not  only  time-series  but  also  spatial  data  to  allow  for  the  genera¬ 
tion  of  probability  maps  (Section  6.3),  we  refer  below  to  another 
study  for  the  application  of  logit  models.  Moreover,  because  rela¬ 
tive  weights  of  the  different  determinants  in  the  fuzzy  logic  analysis 
were  not  explicitly  modelled  in  Acosta-Michlik  et  al.  [87],  we  also 
refer  to  another  study  on  how  to  estimate  the  weights  that  measure 
policy  preferences. 

6.2.  Weighing  preferences 

Using  conjoint  analysis,  Sydorovych  and  Wossink  [110]  selected 
economic,  social,  and  ecological  attributes  that  are  perceived  as 
important  for  agricultural  sustainability  by  different  stakehold¬ 
ers  and  assessed  their  relative  impacts/weights  on  the  overall 
sustainability  measure.  They  argue  that  the  method  presents  a 
theoretically  founded  framework  to  elicit  peoples’  perceptions 
of  sustainability  and  relative  weights  of  its  different  attributes. 
Their  study  is  the  first  application  of  conjoint  analysis  to  elicit 
relative  weights  of  the  various  attributes  of  agricultural  sustain- 
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Fig.  9.  SEM  analysis  of  economic,  social  and  ecological  determinants  for  crops  to  biofuel  conversion. 
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Fig.  10.  Indices  of  determinants  of  economic  development  and  social  well-being,  1991-1995. 

Source:  Acosta-Michlik  et  al.  [87]. 


ability.  A  total  of  480  surveys  were  distributed  to  farmers  and 
scientists  with  a  response  rate  of  25  percent.  Table  3  presents 
the  estimation  results  with  significant  coefficients  for  the  entire 
sample.  Sydorovych  and  Wossink  [110]  present  all  attributes 
on  a  uniform  scale  so  that  estimated  coefficients  directly  indi¬ 
cate  relative  impact  of  corresponding  attributes  on  sustainability. 
For  example,  the  relative  weight  of  long-run  profit  prospects  on 
economic  sustainability  is  calculated  as  the  coefficient  on  this 
attribute  divided  by  a  sum  of  all  statistically  significant  coeffi- 

cients  on  economic  sustainability  attributes:  cok  =  Pk//2k= i&» 


^long-run  profit =  1 .85/(1 .85  +  0.49  +  0.66)  =  0.63.  The  results  suggest 
that  the  most  important  indicator  for  economic  sustainability  is  the 
prospects  for  long-run  profit  (63  percent),  for  social  sustainability 
it  is  the  safety  of  products  to  consumers  (53  percent),  and  for  eco¬ 
logical  sustainability  it  is  quality  of  surface  and  ground  water  (44 
percent).  Sydorovych  and  Wossink  [110]  conclude  from  the  con¬ 
joint  results  that  respondents,  when  facing  a  choice  situation,  are 
willing  to  make  trade-offs  among  attributes;  they  accept  an  unde¬ 
sirable  value  of  attribute  less  important  to  them  for  a  desirable 
value  of  an  attribute  that  is  very  important.  This  study  illustrates 
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i - 1  Water  stress  — Economic  Development  □  Social  Well-being 

Fig.  11.  Indices  of  determinants  of  socio-economic  susceptibility  for  India,  1980-1995. 
Data  sources:  Acosta-Michlik  et  al.  [87];  Alcamo  et  al.  [109]. 


Table  3 

Preference  weights  for  indicators  of  agricultural  sustainability. 


Attributes 

Levels 

Coefficients 

Weights 

Economic  sustainability 

Prospects  for  long-run  profit 

Good  prospects;  odds  are  against  long-run  profits 

1.85*** 

0.63 

Reliance  on  purchased  inputs 

Moderately  reliant;  highly  reliant 

0.49** 

0.16 

Extent  of  governmental  regulations 

Easy  to  comply;  difficult  to  comply 

0.66*** 

0.21 

Social  sustainability 

Internal 

Physical  stress 

Moderate;  high 

0.64*** 

0.15 

Mental  stress 

Moderate;  high 

1.54*** 

0.35 

Known  health  risks 

Safe;  potential  risk  involved 

0.95*** 

0.22 

Farm  will  remain  in  the  family  after  farmer  retires 

Yes;  no 

1.24*** 

0.28 

External 

Safety  of  product  to  consumers 

Safe;  potential  risk  involved 

2.24*** 

0.53 

Product  nutrition/quality/taste 

Enhanced;  not  enhanced 

1.02*** 

0.22 

Visual  attractiveness  of  production/odors/noise 

Considered  pleasant;  considered  unpleasant  by  some  people 

0.56** 

0.12 

Use  of  information 

Farmer  uses/shares  information;  farmer  depends  on  own  knowledge 

0.57*** 

0.12 

Ecological  sustainability 

Soil  quality 

Enhanced;  maintained,  not  enhanced 

0.49** 

0.09 

Surface  water  quality 

Safe;  potential  risk  involved 

1.23*** 

0.23 

Groundwater  quality 

Safe;  potential  risk  involved 

\  |  T*** 

0.21 

Agro  and  natural  biodiversity 

Enhanced;  not  enhanced 

0.52** 

0.09 

Disposal  of  solid  waste 

Properly  disposed;  improperly  disposed 

1.03*** 

0.19 

Air  quality 

Safe;  potential  risk  involved 

0.41* 

0.07 

Emissions  of  greenhouse  gases 

Reduced;  not  reduced 

0.63** 

0.11 

Source:  Sydorovych  and  Wossink  [110]. 

Note:  The  coefficients  are  the  estimation  results  and  the  weights  (or  mean  attribute  weights)  are  the  attribute’s  relative  impact.  The  weights  might  not  add  to  one  due  to 
rounding. 

Coefficients  significantly  different  from  zero  at  a  =  0.1 . 

Coefficients  significantly  different  from  zero  at  a  =  0.05. 

Coefficients  significantly  different  from  zero  at  a  =  0.01 . 


the  usefulness  of  the  technique  in  estimating  the  weights  that  are 
needed  to  realistically  represent  the  policy  preferences  and  sus¬ 
tainability  trade-offs  in  the  fuzzy  logic  analysis.  Combining  conjoint 
weights  to  improve  fuzzy  logic  analysis  has  not  been  so  far  explored 
elsewhere. 

6.3.  Probability  maps 

Using  logit  models,  Bakker  et  al.  [100]  developed  probabil¬ 
ity  maps  for  land  use  change  in  Greece  using  soil  depth,  erosion 
and  slope  as  independent  variables.  They  considered  two  land 
use  changes,  reallocation  of  rangeland  to  cereal  cultivation  and 
abandonment  of  areas  under  cereals.  As  explained  by  Acosta- 
Michlik  et  al.  [101],  the  socio-economic  characteristics  of  the 
farmers  could  also  be  combined  with  biophysical  characteristics 
of  the  farms  as  explanatory  variables  in  developing  probabilities 
of  land  use  conversions.  Although  Acosta-Michlik  et  al.’s  methods 


are  more  related  to  those  suggested  in  this  paper,  we  illustrate 
here  Bakker  et  al.’s  application  of  logit  models  because  they  fur¬ 
ther  used  the  logit  results  for  the  path  analysis  (see  Section  6.4). 
The  latter  tested  a  total  of  14  model  specifications  for  both  aban¬ 
donment  of  and  reallocation  to  cereals  using  land  use  maps  from 
the  year  1886  and  1996  as  data  for  the  dependent  variable,  and 
maps  of  soil  depth,  erosion  and  slope  for  the  same  years  as  data 
for  independent  variables.  The  optimal  model  for  estimating  the 
probabilities  of  reallocation  of  rangeland  to  cereals  is  given  as: 
logit[Pr(reallocadon)]  =  - 2.0695  -  0.2332X!  +  2.051 7X2;  where X\  is 
slope  and  X2  soil  depth  [100,  p.  476].  Substituting  the  1996  spa¬ 
tial  data  (scale  of  1:50,000)  for  slope  and  soil  depth  generates  the 
probability  map  for  abandoning  cereals  in  Fig.  1 2.  Because  the  prob¬ 
ability  maps  are  estimates  from  historical  transition  of  land  uses, 
they  represent  how  production  activities  are  traded-off  against 
one  another  (in  this  example,  from  rangelands  to  cereals)  due  to 
economic,  social  or  environmental  reasons.  In  case  of  reallocating 
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Fig.  12.  Probabilities  of  the  reallocation  of  rangeland  to  cereals  in  Lesvos,  Greece. 
Source:  Bakker  et  al.  [100]. 


rangeland  to  cereals,  the  significance  of  soil  depth  as  independent 
variable  relates  to  the  marginal  productivity  of  the  land,  i.e.  shallow 
soils  are  less  productive  because  there  are  fewer  nutrients  avail¬ 
able  for  the  crops.  Bakker  et  al.  [100,  p.  480]  use  Fig.  12  to  describe 
the  future  perspectives  or  potentials  for  reallocating  rangelands  to 
cereals:  “under  current  conditions  . . .  current  rangelands  have  no 
potential  for  cereal  cultivation”  given  the  probabilities  of  mostly 
below  50  percent.  Thus,  in  addition  to  trade-offs,  the  probability 
maps  are  a  useful  measure  of  land  use  potentials.  What  influences 
these  potentials  can  be  further  investigated  through  path  analysis. 

6.4.  Path  relations  and  directions 

Whilst  the  logit  model  specification  above  shows  that  slope  and 
soil  depth  are  the  only  significant  variables  for  predicting  the  real- 
location  of  rangelands  to  cereals,  the  path  analysis  reveals  that 
soil  erosion  also  influences  this  land  use  change,  albeit  indirectly 
(Fig.  13).  The  computed  sum  of  the  relevant  path  coefficients  is 
given  as:  0.31  x  533.943  +  0.40  x  63.266  +  0.60  x  63.266  +  422.452 
=960.356  [100,  p.  480].  The  coefficient  values  in  Fig.  13  reveal  that 
60  percent  of  the  effects  of  erosion  on  the  reallocation  of  rangelands 
to  cereals  is  transmitted  through  soil  depth,  and  only  40  percent  is 
direct  effect.  Bakker  et  al.  explain  that  the  former  relates  to  the 
reduction  in  soil  depth  affecting  rooting  depth  and  soil  moisture, 
and  the  latter  represents  the  removal  of  organic  matter  and  water- 
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Fig.  13.  Path  analysis  for  the  reallocation  of  rangeland  to  cereals  in  Lesvos,  Greece. 
Source:  Bakker  et  al.  [100]. 


holding  capacity  and  increased  stoniness  due  to  selective  removal 
of  fine  soil  particles.  Because  soil  erosion  is  in  the  middle  of  a  “chain 
of  drivers”,  they  also  clarify  that  it  has  no  added  value  as  predictor 
when  combined  with  both  slope  and  soil  depth,  i.e.  the  potential 
effect  of  erosion  on  land  use  change  is  already  included  in  the  two 
other  variables.  These  results  have  important  implications  for  pol¬ 
icy.  Whilst  soil  erosion  does  not  directly  influence  land  use  change, 
measures  to  prevent  soil  erosion  can  improve  soil  depth,  which  in 
turn  can  either  enhance  reallocation  of  land  into  or  reduce  aban¬ 
donment  of  land  planted  to  cereals.  In  doing  so,  cure  is  provided 
to  the  roots  and  not  to  the  possible  symptoms  of  the  problem.  In 
assessing  bioenergy  pathways,  this  is  particularly  important  due  to 
the  complex  interrelationships  between  a  large  number  of  deter¬ 
minants  for  sustainable  bioenergy  production.  Thus,  using  path 
analysis  one  can  identify  the  scale  and  direction  of  influences  of 
the  selected  determinants  that  are  otherwise  excluded  from  simple 
logit  analysis.  Moreover,  Fig.  13  reveals  that  explanatory  variables 
not  previously  considered  in  the  conceptual  model  can  be  identi¬ 
fied  through  the  path  analysis.  In  analysing  the  path  of  reallocating 
rangelands  to  cereals,  Bakker  et  al.  [100]  identified  “non-slope 
erosion”  as  well  as  “non-erosion  and  non-slope  soil  depth”  as  addi¬ 
tional  variables  in  the  path  analysis.  This  process  is  quite  useful 
in  the  context  of  bioenergy  where  the  concept  of  sustainability  is 
not  yet  fully  developed.  In  analysing  the  path  from  traditional  land 
uses  to  modern  bioenergy  production,  it  is  thus  likely  to  identify 
unknown  variables. 


7.  Conclusions 

Renewable  energy  sources  (e.g.  solar,  wind,  hydropower, 
biomass,  etc.)  are  receiving  significant  policy  support  due  to  their 
promising  contribution  to  climate  change  mitigation.  Moreover, 
these  contemporary  sources  of  energy  could  contribute  to  sus¬ 
tainable  development  because  of  their  potential  benefits  on  the 
environmental  as  well  as  the  socio-economic  system.  Among  these 
renewable  sources,  energy  from  biomass  has  the  largest  impacts 
on  local  communities  in  many,  if  not  all  parts,  of  the  world  because 
of  its  direct  effects  on  rural  livelihood  and  employment,  food  avail¬ 
ability  and  accessibility,  fresh  water  supply,  social  exclusion  and 
lifestyle  changes.  Current  controversies  and  debates  on  the  role  of 
bioenergy  not  only  on  these  socio-economic  issues  but  also  on  GHG 
emission  reduction,  which  is  the  early  key  motivation  for  renew¬ 
able  energies,  are  reminders  of  the  challenges  to  be  dealt  with  for 
bioenergy  sector  to  develop  and  thrive.  In  view  of  these  challenges, 
it  is  important  to  create  a  framework  for  evaluating  the  regional 
and  region-specific  sustainability  of  the  potential  production  across 
the  sustainability  pillars.  To  date  such  a  broad  framework  does  not 
exist.  In  this  paper,  we  developed  a  framework  describing  how  one 
could  assess  trade-offs  and  pathways  for  a  sustainable  bioenergy 
production.  The  foci  of  the  framework  are  trade-offs  and  pathways 
because  bioenergy  competes  with  other  land  uses  and  offers  alter¬ 
native  feedstock  sources  and  conversion  technologies,  which  then 
provide  different  regions  the  options  to  pursue  different  strate¬ 
gies  to  develop  their  domestic  bioenergy  sector.  Although  a  large 
amount  of  literature  has  emerged  on  bioenergy  potentials  in  recent 
years,  only  few  mention  pathways  to  sustainable  bioenergy  devel¬ 
opment  (e.g.  [11,35,111,112]).  Some  studies  provide  conceptual 
design,  but  they  lack  empirical  methods  to  systematically  assess 
pathways  particularly  those  resulting  from  trade-off  decisions  in 
bioenergy  production. 

To  fill  this  research  gap,  we  presented  a  hybrid  approach  as 
a  roadmap  toward  application  of  this  framework  in  regions  with 
diverging  economic,  social  and  ecological  systems.  The  approach 
is  a  fusion  of  diverse  techniques  which,  when  applied  separately 
to  assess  the  sustainable  development  of  bioenergy,  will  fail  to 
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capture  the  complex  system  of  bioenergy  production.  Fuzzy  logic 
technique  can  generate  indices  of  sustainability  from  a  wide  range 
of  qualitative  and  quantitative  indicators,  but  by  itself  ignores  the 
real  trade-off  decisions  on  these  indicators  and  the  spatiotemporal 
interdependencies  of  these  decisions.  Conjoint  analysis  can  gener¬ 
ate  estimate  of  the  former  and  logit  analysis  can  provide  estimate 
of  the  latter.  Conjoint  technique  has  been  applied  separately  to 
assess  sustainability,  but  such  a  simplistic  assessment  does  not 
take  into  account  the  array  of  information  in  temporal  and  spatial 
data.  Logit  technique  can  estimate  bioenergy  potentials  based  on 
the  interdependencies  between  the  temporal  indicators  and  land 
use  maps,  but  this  technique  alone  cannot  consider  and  identify  the 
interconnections  among  the  economic,  social  and  ecological  deter¬ 
minants  of  sustainability.  These  interconnections  represent  the 
issues  and  concerns  (e.g.  energy  versus  food  security,  first  versus 
second  generation  bioenergy,  etc.)  that  are  relevant  in  the  sus¬ 
tainability  assessment  of  bioenergy.  The  conceptual  links  between 
these  determinants  of  sustainability  can  be  taken  into  considera¬ 
tion  using  the  logical  aggregation  techniques  in  fuzzy  logic  analysis 
and  can  be  validated  using  the  logical  variable  relations  in  path 
analysis.  Through  the  integration  of  the  knowledge  generated  from 
each  of  these  techniques,  the  hybrid  approach  combines  qualita¬ 
tive  and  quantitative  information,  temporal  and  spatial  scales,  and 
opportunities  and  dilemmas  in  bioenergy  production,  all  of  which 
are  mutually  important  to  measuring  the  interconnections  and 
interdependencies  among  the  different  sustainability  determinants 
for  bioenergy. 

However,  improving  the  relevance  and  validity  of  the  results 
using  such  an  integrated  assessment  approach  has  a  price.  The 
hybrid  approach  ideally  requires  a  large  amount  of  time-series  data, 
various  GIS  maps  with  reasonable  resolutions,  and  dedicated  stake¬ 
holders  for  the  survey.  Therefore,  collection  and  processing  of  the 
data  could  be  time-  and  money-wise  demanding.  In  many,  if  not 
most  applications,  not  all  of  these  different  types  and  sources  of 
data  will  be  available  or  easily  accessible  so  that  reduced  variants 
of  the  framework  have  to  be  considered.  Future  research  should 
address  the  minimum  data  requirements  that  will  allow  the  use 
of  the  hybrid  approach  for  interregional  comparison  of  bioen¬ 
ergy  potentials  under  data  constraints.  In  this  paper,  the  hybrid 
approach  follows  a  step-by-step  procedure  to  minimise  disparate 
and  inconsistent  results  due  to  partial  information  or  biased  anal¬ 
ysis.  An  assessment  that  is  as  comprehensive  as  possible  is  very 
relevant  and  timely.  This  is  because  the  bioenergy  sector  is  strongly 
expanding  and  thus  likely  to  affect  all  other  sectors  of  the  economy 
and  a  large  number  of  the  population  globally.  Wise  decisions  about 
future  land  use  require  a  comprehensive  analysis  in  order  to  avoid 
detrimental  lock-ins  and  surprising  outcomes  later. 
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